Genome sequence information suggests that B 12 -dependent mutases are present in a number of bacteria, including members of the suborder Corynebacterineae like Mycobacterium tuberculosis and Corynebacterium glutamicum. We here functionally identify a methylmalonyl coenzyme A (CoA) mutase in C. glutamicum that is retained in all of the members of the suborder Corynebacterineae and is encoded by NCgl1471, NCgl1472, and NCgl1470. In addition, we observe the presence of methylmalonate in C. glutamicum, reaching concentrations of up to 757 nmol g (dry weight) ؊1 in propionate-grown cells, whereas in Escherichia coli no methylmalonate was detectable. As demonstrated with a mutase deletion mutant, the presence of methylmalonate in C. glutamicum is independent of mutase activity but possibly due to propionyl-CoA carboxylase activity. During growth on propionate, increased mutase activity has severe cellular consequences, resulting in growth arrest and excretion of succinate. The physiological context of the mutase present in members of the suborder Corynebacterineae is discussed.
Mutases catalyze carbon skeleton rearrangements involving a reversible conversion of a methylene into a methyl group via a methylene radical, and these enzymes use adenosylcobalamin as the cofactor for stabilization of the highly reactive radical intermediate (1) . The enzyme is present in Sorangium cellulosum and Streptomyces species, for instance, and has attracted much attention to provide methylmalonyl coenzyme A (CoA) as an extender unit for polyketide synthesis (6) . MethylmalonylCoA mutase is also present in humans, and its mutation, or mutations related to mutase activity, such as adenosylcobalamin synthesis or its transport, leads to methylmalonic aciduria, a rare disease that is fatal in the first year of life (2) . Recently, a role for mutase activity in propionate utilization by Mycobacterium tuberculosis has been described. When propionate utilization via the methylcitrate cycle is impaired but cobalamin is added, then growth is dependent on mutAB encoding the ␤ and ␣ subunits of methylmalonyl-CoA mutase (9) . This route requires carboxylation of propionyl-CoA to yield succinyl-CoA via methylmalonyl-CoA mutase activity. M. tuberculosis belongs to the suborder Corynebacterineae, as does Corynebacterium glutamicum. The latter bacterium is apathogenic, is used for amino acid production (3), and also has genes suggesting the presence of methylmalonyl-CoA mutase activity (7) . Since methylmalonyl-CoA mutase catalyzes an interesting carbon skeleton rearrangement reaction, we wanted to assess its activity and study possible physiological consequences of its presence.
To achieve this, a 5.148-kb chromosomal region of C. glutamicum containing predicted mutase ␣ and ␤ subunits (NCgl1471, NCgl1472), as well as a MeaB-encoding subunit (NCgl1470) overlapping the ␤ subunit by 4 bp, was amplified via PCR with primers 5Ј-CGGTCGACAAGGAGATATAGA TATGACTGATCTCACAAAGACTGC-3Ј and 5Ј-CGGTCG ACTTAGGCTTTGTCGAACGCCTCC-3Ј and cloned as an EcoRI fragment to yield pEKExMut. The recombinant C. glutamicum pEKExMut and a control were grown on LB with 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) added. The mutase activity determined with crude extracts in assay mixtures consisting of 50 mM HEPES (pH 7.2), 30 M adenosylcobalamin, 1 mM dithiothreitol, and 0.2 mM methylmalonylCoA was monitored by direct quantification of the succinyl-CoA formed via high-performance liquid chromatography (9) . With C. glutamicum pEKExMut, this yielded a specific activity of 0.59 Ϯ 0.16 mol min Ϫ1 mg protein Ϫ1 . Interestingly, even with the control, C. glutamicum pEKEx, a considerable activity of 0.19 Ϯ 0.08 mol min Ϫ1 mg protein Ϫ1 was present. By using plasmid pK19sacB-⌬mut and two rounds of homologous recombination (10), the chromosomal region encompassing NCgl1470 to NCgl1472 was deleted to create C. glutamicum ⌬mut. With this strain, no mutase activity could be detected and also no growth phenotype was observed for this deletion mutant either in minimal medium with different carbon sources or in complex medium (data not shown).
In a complementary approach, the presence of the branched carbon molecule of methylmalonyl-CoA was quantified as methylmalonate with an isotope dilution assay (6) . In contrast to Escherichia coli, in which no methylmalonate could be detected (cells were grown on LB, and the detection limit was 5 nmol g [dry weight] Ϫ1 ), methylmalonate is present in C. glutamicum even during growth on salt medium CGXII with 4% glucose, notably in cells in the stationary phase, in which concentrations of 385 nmol g (dry weight) Ϫ1 are reached (Fig. 1) . However, this was also the case with isogenic C. glutamicum strains ⌬mut and pEKExMut and this was also independent of adenosylcobalamin addition. Cells grown on CGXII with 2% acetate contained a lower concentration of 52 nmol methylmalonate g (dry weight) Ϫ1 , whereas in cells grown on CGXII with 1% Na-propionate, considerably higher concentrations of up to 757 nmol g (dry weight) Ϫ1 were detected. Almost identical concentrations were obtained with C. glutamicum ⌬mut and pEKExMut when no cobalamin was added on either substrate (data not shown). When examined under conditions of diminished aeration, the methylmalonate content was greatly reduced to Յ20 nmol g (dry weight) Ϫ1 (Fig. 1) . Interestingly, overexpression of the mutase genes resulted in significantly increased methylmalonate levels under conditions of reduced aeration. This might reflect a different citric acid cycle flux and formation of methylmalonyl-CoA from succinyl-CoA. This is consistent with the finding that succinate accumulated in the medium to 12 mM at 60 rpm and to 20 mM at 30 rpm, whereas it was absent at 120 rpm (data not shown).
A possible source of methylmalonyl-CoA would be carboxylation of propionyl-CoA. We therefore directly assayed for propionyl-and acetyl-CoA activities (4). Significant activity was present in cells grown on propionate, acetate, or glucose, with rates of propionyl-CoA-related activities always higher than those assayed with acetyl-CoA (Table 1) . Since the acetylCoA carboxylase enzyme of C. glutamicum exhibits the highest activity with acetyl-CoA (5), at least part of the activity might be due to the second acyl-CoA carboxylase present in all of the members of the suborder Corynebacterineae, which is specific for mycolic acid synthesis and which might also accept propionyl-CoA (4). The high concentration of methylmalonate in propionate-grown cells is expected to be due to a high propionyl-CoA concentration present during growth on this substrate, whereas the origin of propionyl-CoA or methylmalonylCoA, respectively, on acetate or glucose is unclear, since propionyl-CoA is not an intermediate during the utilization of these carbon sources.
During the growth of C. glutamicum pEKExMut on 1% Na-propionate and with adenosylcobalamin present, we observed that initial growth and propionate consumption were faster than without vitamin addition (Fig. 2) . However, after about 10 h, growth stopped, which was not the case for the control, suggesting severe consequences of mutase activity during propionate metabolism. Determination of methylmalonate content revealed a drastic reduction from 750 nmol g (dry weight) Ϫ1 to less than 35 nmol g (dry weight) Ϫ1 at 7 h when mutase was overexpressed and adenosylcobalamin was present (black bar in Fig. 2B ). At the same time, succinate was accumulating in the medium, which was not the case without vitamin addition (black bar in Fig. 2B and C) or with the strain with the mutase gene deleted. It can thus be concluded that methylmalonyl-CoA is converted to succinylCoA, which is the favored direction of mutase activity (8) . This supports the hypothesis that at the initial stages of propionate utilization succinyl-CoA is limiting, whereas at later growth stages a strong disbalance of metabolism due to the presence of methylmalonate and the presence of mutase activity exists. At all growth stages, significant concentra-
Methylmalonate contents of C. glutamicum grown under different conditions. Each set of four bars represents methylmalonate quantification from early-exponential, exponential, end-exponential, and stationary-phase cultures, respectively. The strains used were the wild type (WT) and the wild type with the three mutase genes deleted (WT⌬) or overexpressing them (WTp). The substrates used were glucose (Gluc), acetate (Ace), and propionate (Prop). Aeration of the cultivation flasks was as indicated (in revolutions per minute), and a plus sign indicates the addition of 0.1 mM cobalamin. tions of up to 5 mM methylmalonate were also observed in the medium. The methylmalonyl-CoA mutase gene locus in all of the members of the suborder Corynebacterineae, including Mycobacterium leprae, with its decayed genome, is strictly retained and largely syntenic. Despite the influence of mutase activity on propionate metabolism in C. glutamicum and M. tuberculosis (9) , its major function is probably not known. It could well be related to the high concentration of methylmalonate found in C. glutamicum, which was not observed before in any other bacterium.
